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SONAR TRANSDUCER RELTABTLITY IMPROVEMENT PROGRAM
FY82 FIRST QUARTER PROGRESS REPORT

1. TINTRODUCTION
1.1. Program Overvicw

The primary purpose of this program is to develop Critical ITtem
Product Fabrication Specifications to support the acquisition of reliable,
cost-effective fleet sorar transducers.  This program will provide the
technology base for the development of overall transducer desipn specifica-
tions through: the definition of extrancous noise criteria, the definition
of reliability and life prediction models, the analvsis of failure mades,
the collection of a statistical data base, the characterization and
specification of materials, the develepment and application of new desien
concept and diagnostic precedures, and the development/application of
methods and facilities for accelerated life testing and extraneous noise
T&FE measurements.

The output of this program will consist of the specifications,
standards, and formal documentation for the materials, components, and
processes necessary for the design, test eviluation, and ultimate
procurement of reliable fleet transducers. These deliverables will define
the required chemical composition and mechanical propertics of materials,
interpret gathered reliability data to define failure rates and mechanisms,
define assembly, qualitv control, and diasnestic procedures, and define
the required methods for the performance and lifetime cvaluation of
transducers.

The program is organized into four major Task Arcas, cach of witich
contains scveral I'roject Arcas, and, in turn, ecaclh one of which will
contain several specific Work Units that will change each vear in response
to milestones established by the acquisition requirements.  The
organizational structure is shown in Fig. 1.1,

The FY82 Program Plan for STRIP has been described in detail in
Appendix A of NRL Memorandum Report 46150 The specific work units and
their principal investigators for FY82 are viven in Table 1.1,
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1.2, SUMMARY OF PROCGRESS

Progress was extremely limited in the first quarter of FY8? because of
the delay in tunding which resulted from the 'ack of a national budget.
Work progressed in only six of the 21 work units, and only then because of
special tunding situat jons.

1.3, PLANS

The annual program review of STRIP which is normally held in March of
cach year will not be held in 1982 because of the limited progress resulting
from the delayed funding.  The propram will restart as soon as possible
after funds are distributed.

1.4, REPORT ORGANIZATION

The remaining scections of this quarterly report will discuss the
objectives, progress, and plans for the specific tasks {ncluded in the STRIP.




2. WORK UNIT I.B.1 FAILURE
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2.1. BACKGROUND
The state of water which enters a transducer and its effects once
inside are continuing problems in the sonar communitv. Important questions

are:

+ What impurities come through rubber seals with water
permeation?

* Where is the internal water, adsorbed or vapor?

- What temperatures or heat f{lows occur within
transducers when the ambient temperature changes
or the device is driven?

» What value is desiccant in a transduccer?

* How can the lifetime of a transducer be accelerated?

[R%]
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.2, OBJECTIVE

The objective is to determine the effects of water or water vapor on
the performance and lifetime of sonar transducers and hydrophones.
Specifically, the effects of the neoprene seals on the permeant (and vice
versa) and the electronic changes caused by the permeant are to be
investigated.

2.3. PROGRESS
2.3.1. Water Effects on Transducers

This phase of the work has been completed with the conclusion that
TR-208A transducers and others of similar meometry and construction which
have expericnced degradation of free-ficld voltage sensitivity and trans-
mitting current response because of aginyg and internal water saturation can
be restored to their original performance by very thorough drving.

The problem, of course, is obtaining the verv thorough drving. When
the same drying procedure was applied to another water saturated transducer,
the X-308, the performance was not restored to the oripinal. In cach case,
the transducers were first aged in a 70°C oven with internal 907 RH and
then dried by connecting to a closed air-circulating svstem consisting of
a small air pump, a desiccant tube filled with type 4A molecenlar sieve and
Mg (CLO4) 5, and tygon tubing. It was found that the X-308 contained
6.7 ¢ of water, bnt since the air volume wis capable of holding only 0,034 ¢
of water at 897 RH, then 99.5%7 of the water was adsorbed on internal
surfaces or absorbed into parts such as corprene or printed circuit boards.
This value is comparable to that for the TR=208A where 98,27 was adsorbed
or absorbed.  RBeecause of much more surface arca and a much more complicated
inner structnre for the “=308, the time for the drving cvele must be

tBECEDING PAGE BLANK«NOT F1.iirED
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extended to achiceve the same degree of recovery of properties as for the
TR-208A.

2.3.2. Water Permeation Throuph Elastomers

Long-term experiments are continuing with DI and saltwater as permeants
through Burke Neoprene 5109. Experiments were begun at 20, 40, 60, and 80°C.
However, anomalous data scem to be appearing at 80°C, such as lower
permeat ion rates than the 60° samples. Also, some deposit is appearing on
the outer surface of the high temperature samples. To prevent extreme
bulging of the rubber in the 80° test, the complete assembly was preheated
to the test temperature before it was sealed.

Preliminary data are given in Table 2.1 for the results to date. Data
for the threv temperatures given in Table 2.1 were used to generate an
Arrhenius plot for the determination of the energy of activation, E,, for
permeation of fresh water through Burke 5109. This plot is shown in Fig.
2.1. The permeation constant, P, for 5109 has been determined by
Dr. Corlev Thompson (NRL-USRD) to be 25 ng—cm/cmz—hr-torr at 20°C.  This
value rouphly aprees with TR1's room temperature P of 21.9 ng—cm/cmj—hr—torr.
There are, however, discrepancies between NRL's and TRI's elevated
temperaturce data. TRI's calculated E, was 12.2 kcal mole™! compared to

NRL's value of about 1 kecal mole-l,
Table 2.1 - Permeation Data on Burke 5109
Permeation Total P,
[4 Condition Rate, Flux, ng-co/cme-hr-torr
mg/cmzlday g
1 23°/p1 0.050 0.059 21.9 1
|
2 23°/Salt 0.065 0.155 28.8 |
|
3 40°/D1 0.42 0.316 79.1 i
4 40°/Salt o 0.41 0.465 78.7 1
5 60°/D1 3.67 2.43% 256 {
6 60°/Salt 3.91 2.492 276
7 80°/D1 Restarted - -
8 80°/Salt Restarted —_— -

6
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Fig. 2.1 - Determination of the energy of activation
for permeation of deionized water through
Burke 5109 neoprene rubher
2.4. PLANS
Plans for the unext quarter are to investigate how much water will an
oil-filled tra sducer accept and where will it go.
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3. WORK UNIT II.A.3 ALTERNATIVE MATERIALS: METAL MATRIX COMPOSITES

b
3.1.  BACKGROUND

The main reason for considering metal patrix composites is to increase
the bandwidth of the transducer. The bandwidth of the transducer is inverse-
ly related to the total energy stored in the vibrating system. If the stored
energy is reduced in relation to the energy dissipated per cvele than the
bandwidth will be increased. There is energy stored in the head, the ceramic,
the tail, and some in the acoustic field. Of these, the head is unique
because its velocity is the same velocity that flows into the load. So, in
addition to the head being located where the velocity is maximum, that
velocity cannot be reduced without reducing the enerpgy radiated. Therefore,
the only way to minimize its stored energy is to reduce its mass. This mass
reduction is what the metal matrix composite material is expected to
provide.

3.2. OBJECTIVE

The objective is to quantitatively compare and experimentall demon-
strate the performance improvement possible with metal matrix composite
materials for the head of longitudinal vibrator elements.

3.3. PROGRESS

Progress this quarter has been the establishment of an interface with
the Navy activities, significant progress in the finite element analvsis of
vibrator heads, and ordering of silicon carbide particulate alum parts for

the radiating heads.

Analysis of Head Vibrations

Findte Plemcnt Math Melel o i Sorls The ANSYS program is being
used to calculate the head displacements. Support for this activity is
being provided by Bruce Raymond of Control Data Corporation. The math
model has been set up and check out is nearing completion., Selected trial
cases at the extremes of the range of cases desired have been run and most
of the computed results have been verified.

The model selected contains 90 nodes, 60 of which are shown in Fip. 3.1
The model is a figure of revolution with the left-hand line of noades being
the axis symmetry. For the calculations, sinusoidal drive is applied at
nodes 12, 13, and 14. Stiffness elements corresponding to an estimated
ceramic stack stiffness are connected between nodes 5 and 12 and between
nodes 7 and 14. A stiffness corresponding to a stress bolt is connected
between nodes 29 and 57. The stress bolt stiffness is assumed to be

one-tenth of the ceramic stack stiffness.

Radiation mass loading is approximated by appropriatcely selected
lumped masses at nodes 50 through 56. Radiution resistive loading is
approximated by appropriately sized damping elements connected between

nodes 50 throupgh 56 and nodes 57 through 67,

9
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Thirty degrees of freedom are used, sixteen of which are specified.
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Fig. 3.1 - Finite Element Math Model

Cormprter Program Cutput Data. Three types of output data have been
calculated and are being evaluated. These are: (1) calculation of the
first 30 resonance frequencies; (2) calculation of the X and Y node dis-
placement for frequencies from 1 to 25 kHz in 1 kHz steps, presented in
tabular form; and (3) the same as #2 but presented in picture form.

To aid in the interpretation and evaluation of the results, a figure
of merit has been defined and calculated. The figure of merit was desired
to be the actual total volumetric displacement of the head, normalized to
the desired displacement of the head. The desired displacement is defined
as the area of the head times the displacement of the nodes of the back of
the head where it is being driven with unit velocity (i.e., 1.000 * 0°
phase). The actual displacement of the head is calculated by summing the
products of the face nodes times their appropriate areas. However, the
face nodes are not all moving with the same phase relative to the drive
velocity. To at least partially account for this condition, the velocity
assigned to each of the face nodes in the figure of merit calculatlons is
the amplitude times the cosine of its phase angle. This produces a snapshot
of the head motion at some instant of time.

10
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Based upon preliminary results of the computer analyvsis, head sizes for
the test specinens were selected and silicon carbide parciculate parts were
ordered from DWA.  The parts are duce to be delivered in early Februarvy.

The thicknesses ordered are 2.5% cm and 1.90 em. The parts, when recceived,
will be machine-{ inished by a machine shop near DWA which is ecxperienced in
machining these parts. The material ordered is 3957 volume of wilicon
carbide and has a Younes modulus of about 1.38-100 Mpa (20-107 psi),
approximately double that of 6060 qluminum.  The 357 VO material s about
the highest silticon carbide content which can currentls be made with a high
confidence of good, consistent properties of the desired values,

3.50  PLANS
The foliowine tasks are plinned for the next quarter:
+ Complete the math analvsis,
 Build and test the models to support the analvsis,

+ Prepare the final project report.

e e e,




4. WORK UNIT IT.B.1 UNSHIECLDED CABLES
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4.1. BACKGROUND

Certain advantapes such as better waterproofing, better water-blocking
and lower cost would result from the use of underwater clectrical cable
without the internal shielding. The use of unshielded vs shielded cable
has alreadv been investigated from a mechanical strength viewpoint. The
approach will now be to consider the electronics viewpoint of using un-
shielded or shielded cable on the outboard side of a submarine. Concerns
are primarily centered upon electromagnetic interference and ground loops.

4.2. OBJECTIVE

The objective is to determine whether the use of unshielded cable in
place of shielded cable, exterior to the hull of 4 submarine, will affect
the electrical performance and reliability of sonar svstems.,  Three tasks
are associated with the accomplishment of this objective. These tasks are:

* Survey and analyze the installation of the DT-276
hvdrophone of the BQRR-7 and BENN-5 systems on submarines
to determine the electromagnetic interference (EMI)
environment and the present practices of utilizing
shielding on cables.

« Develop the theoretical modeling of shivlded vs
unshielded cables necessary and sutficient to predict
the electrical performance and reliability of
individual and arrays of DT-276 hvdrophone in the
EMI environment found exterior to the hull of a
submarine.

+ Devise and implement experimental procedures to
verify the predictions from the second task.

4.3. PROGRESS

Work continued toward the determination o the current density on the
exterior of a coaxial cylinder immersed in seawater. A coaxial model - an
aluminum cylinder 15.2 cm in radius - was used to represent the submarine.
The magnitude of the currents flowing in the seawater outside the outer
conductor provide a measure of the field penectration of inside sources
through the submarine hull. However, the dimensions of the submarinc model
and the resulting math model are such that the clements of the matrix varv
greatly in their magnitude - the Bessel functions_are on the order of 1ot
and the Hankel functions are on the order of 1077, Because of such large
differences, the matrix is ill-conditioned and yields a determinant that
becomes numericallyv zero during the computerized calcutations.

In order to validate the mathematical selution, it was decided to
solve the equations for a smaller coax is seawater. The solutijon to the

} (ECBDLIG PAuE BLANK=NOT Fl.0ED
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matrix equation was carried out using standard comput er techniques.  The
resulting current densitics in the outer conductor and in the external
seawater are shown Fig. 4.1, Note that the magnitude of the current
density is fairly constant acroxs the outer conductor, which, at a
frequency of 400 He, is an expected result.  The magnitude of the current
density, however, drops by several orders of magnitude and cont inues to
fall oft steadily with increasing distance, again an expected result.

Interior Boundary

of Outer Conductor .
? Exterior Boundary

3x10 1
7 of
4 o= 3.5 x 10 Outer Conductor
2x10 | .
(Aluminum)
-~ ;——'—o—l—'—‘
Lo /‘ ]
-~ 1x10 !
[T} l
S g
[T ’ )’
g “ 1 {
28 150 4
X g .
;‘og -3 LN o =4
1x10 | ' \. (sea water)
.5x163- | *
|
~ } . . . ,
1.0 1.05 1.10 25 50 75 100
r,cm
Fig. 4.1 - Current distribution in outer conductor and

in exterior medium of coaxial cable immersed
in seawater.

These results indicate that the matrix cquation gives trustworthy
current densities when the magnitude of the matrix c¢lements are small
enough to altow realistic calculations to be pertormed.  The use of this
method for a large-sized coaxial svstem is probalily not practical, however,
because the complex-valued Bessel function matrix clements are very
sensitive to changes in the magnitude of their arguments,  For example, a
five=fold increase in magnitude can result in elements that will vield a
matrix not useful for numerical calculation.

The investigation indicates that clectromapnet ic pick-up of external
ficlds does not appear to be as serions as cable-to-cable coupling,.
Consequent Iy, considerable emphasis is being directed at the analvsis and
measurement of cable-to-cable coupling in shiclded and unshiclded
situations. The studics emphasize the actual cables (DSS=3 and DWU-3) in
use rather than simulat ions.  Althoupgh results produced by other tyvpes of
cables should be relatable to DSS-3 and DSU-3, in the interest of




achieving maximum credibility from the prosram representative samples of
the two cable types will be needed.  These cables have been requested f.om
the Naval Weapons Support Center.

Experimentally, preliminary cable coupling tests on a pair of parallel
wires over a ground plane were continued.  These tests were carried out in
a small water tank environment as described in the two previous status
reports. At this time, attempts have been made to measure coupling with
the wires submerged in air only.

In order to increase the level of the coupling between the two wires,
the values of the load resistances were chanpged from those given previously
(Fig. 4.2). With these values, the coupled voltage, Vc, could be measured
easily without ampliticat ion and hencce noise ceased to be a significant
problem. The drivimg voltage, Vs, was sct at 19 Vpp and the frequency
range from 100 Hz to 100 kHz was spannced.  The voltage, Ve, was measured
at cach frequencvy and compared to the predicted voltages given by the
program XTALK. Figure 4.3 shows a comparison between the predicted
coupling and the measured coupling. At all frequencies, the measured
magnitude value is within 12.57 of the value predicted by the program XTALK.
For the phase, the maximum error is 6.5%. The average error for the
magnitude was 9.37 and for the phase the average error was 0,867, These
data serve to validate the measurement teclnique.

son
ANAA— ~

V= 19 Vpp

1241 ML 1.234 M0

VA A A A A A iy ey Ry ey
Gresund Plane

Fig. 4.2 - Experimental setup for coupling measurements
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The computer program XTALK can be moditficd to be useful in lossy media,
such as fresh or saltwater, simply by replacing the real permittivity ¢ by
the complex effective permittivity

,.“_ e ,

where € is the relative diclectric constant of the medium, o is the
conduct ivity, w is the radian frequency, and »  is the free-space pernitti-
vity. The losses in the medium (o = o) can be included without violat ing
the TEM mode assumption or the uniquencss of voltave and current
defiritions. The next planned steps arc to perform these measurements in
fresh and saltwater media.

4.4, PLANS
Plans for the second quarter FYS82 are to:

* Perform cable-to-cable coupling measurement in
air and water and analvze results,




5. WORK UNIT I1.B.3 CORONA CONTROL

T R, L

5.1.  BACKGROUND

A small but significant percentape of transducer tailures is due to
breatdown of clectrical insulating materials. A phvsical phenomenon that
contributes to these faflures is corona. It s not practical to test the
completed transducer to measure the effects of corona on ifetime and
reliabilitv.  Corona formation and retardation must be studied at the com-
ponent or picce-part level to locate and inhibit the damaging effects,
Transducer reliability mav then be improved by control of design parameters
and construct ion processes.

5.2. OBJECTIVES
The objectives of this work unit for FY82 are:

© Studv corona inception voltage characteristics of
various clectrode and material asscemblies as used
in transducers, including wiring, wire insulation,
foil electrodes, and foil solder tab coatings.

* Provide recommendations, as required, for specific
transducer improvements to avoid corona and for
corona testing that will dimprove reliabilitv.

* Prepare a handbook on transducer corona abatement
and control that can be used to prepare transducer
procurement specifications.

5.3. PROCGRESS

5.3.1. Voltage endurance tests were pertformed on PZT ceramics with the
insulating surfaces coated by Conap tvpe CE-1171 material.  Earlicr tests
had pointed to this material for further evaluation. The voltage endurance
function obtained from these tests showed o lower average voltase break-
down than the results for other coating materials tested.! 1t also
revealed a trend toward earlyv breakdown. Other observations were that the
cured material was hard and fractured casily. These findings do not
commend Conap CE-1171 for use as an insulating coating for transducer
ceramic surfaces.

5.3.2. A general poal of the corona control effort for transducers ia to
maintain the corona inception voltase (C1V) safelv above the working
voltage.  The compact form of transducers mav not contain cnough space to
use overdesipgn methods that avoid corona.  Therefore, the physical
principles that affect corona formation need to be applied to the desion
to ensure that adequate space in provided to mecet the corona requirements.

Corona can occur if air or gas is in the insulating structure.  The
voltage level at which corona begins is dependent on (1) pas tyvpe, (2) pas
pressure and temperature, (3 pas woap thickness, (4) solid dnaulat ion




thickness and die'ctric constant, and (9) electrode shape. A typical
structure that develops corona is a hook-up wire with contact points
between the solid insulation and yround as chown in Fie. 5.1, Corona does
not occur at the point of insulation contact but at some nearby location
where the applied voltage is sutficicnt to break down the vas gap.  The
shape of the hook-up wire provides a ranye of series gas gap thickness.

CONDUCTORS
CORONA

GROUND

[

Fig. 5.1 -~ Corona loecation for hook-up wires

Figure 5.2 shows a genceralized serics insulation structure where
corona can form in the gas gap between the conductor and pround.,

CONDUCTOR

Yo

t (44
§2 v, 2 ///
’ ‘ AIR P
tq Vg GA
. N Wm —T1_

GROUND

Fiy. 5.2 - Sericvs electrical innulation diasranm

The distribution of the voltape acroos the structure is given by

v 12} t + 4 . [ Y (5. 1)
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where V, is the voltage across the gas pap of thickness v, Corona will
occur in the gas eap when Vo, exceeds the condit fons of breakdown voltage
Vi, and gas gap distance given in Table 5.1, These values and Bq. (5.17
assume a uniform clectric ficld for a specific pas at the applicable

pressure and temperature.  The data in Table 5.1 are for three different

gases (air, nitrogen, and sulfur hexafluoride) that have been used in sonar

transducers.  The nambers piven were obtained by interpolat ing the

required points from curves measured by other investicators. ™ The data are

considered correct for standard conditions of 20°¢ and 101.7 kPa (1 atm).

For other conditions of vas temperatare and pressure the value for t, is

modificd using the cequation
1]

t =t [(10L.7 1")/¢293 p"Y]
¥ )

where t ' is the new pas gap thickness, ' is the sas absolute temperature,

and P' ¥s the different gas pressure in kPa.  Equat ion (5.2) is derived
from the ideal gas law.

Table 5.1 - Breakdown voltapes of 3 sases in a
unitorm clectric tield referred to
20°C and 101, 3 kPa pressure.

L . ,

[ GAS GAP ATR NTTROCEN SFg

| DISTANCE Vi vy, Vi,

( (mm) (kV-rms) (kV—rms) (kV-rms) '

; 0.0125 0,260 0. 186 (1.462 i

| 0.016 0.279 0,198 0. 500

, 0.020 0.300 0,215 0.543

i 0.025 0,327 0.239 0.585 ;

[ o.o32 0.360 0.272 0. 650

! 0.040 0.400 0315 0,715 i

1 0. 050 0.450 0,370 0,795

i 0. 064 0. 506 0,441 (0, 8a0

i 0.080 0.571 0,532 1.00 |

| 0.100 (), 642 0,616 1.13

« 0.125 0.7732 0,730 1.30

| N.16 (1, 840 1,875 1.51 -
0.20 0,970 1.04 1.77

i 0.25 1.13 1.25 2,10

| 0.3 1.33% 1.46 .91 [

‘ 0.40 1.58 Y77 3,04

| 0.50 1.88 R 3,72

| 0. 64 R RS “onn

| 0.80 2,70 2,99 N0

i .00 3000 [ t,O1) :

There is pencerally o ranee ot eas cap thickness in any insulation
assemblv.  1f a serics of calculations are made using Fgo ("0 tor one
condition ot solid insulating material (g /) 1') and the air data trom

s (5.2)
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from nearly uniform to a medium amount of divergence, More experimental
work is needed to determine the magnitude ot this decrease of CIV with
divergent electric tields in air and the other vases.

The curves of Fig. 5.% are experimentally verificd vhen applied to
transducer ceramic that is fractured.  Assume the ceramic thickness ty is
12,7 mm (0.5 in) and its dielectric constant is 1000, then the ratio
catculated is 0.0127.  An extrapolation of the air curve in Fig. 5.4 shows
that CIV is less than 0.5 kV,  This is observed in corona tests on actual
ceramic and presents the possibility of using a corona test to detect
ceramic fractures after transducer shock tests,

5.4.3. A study was made to determine if one of the commonlv used insulation
materials for hook-up wire was best for use in transducers.

© polvvinvl chloride * polvtetrafluoroethvlene (teflon)
* polvethvlene * fluorinated ethvlene

* polvpropvlene * polvehlorotetrafluoroethvlene

*+ nvlon « polvvinelidine fluoride

A wide range o1t comparable characteristics were considered for the evalua-
tion. All of these materials have come dif{ciency that cause them to be
less than ideal.  However, pelvethvlene and teflon were the materials

with the best composite score.  The difficulty with polvethvlene is its
high temperature limitation (+60°C) and with teflon is degradation in the
presence of corona. This investigation revealed no particular insulation
material that can be selected over the others.

Primary considerations for avoiding corona on hook-up wire are the
insulation thickness and dielectric constant as discussed in 5.3.2.0 For
instance, if corona is to be avoided on hook-up wire with teflon
insulation and is to be operated at 5 kV, it can be determined from
Fip. 5.4 that the insulation thickness should be at least 2 mm. If the
insulation is polvvinvl chloride, the thickness should be about 5 mm.  Thus
a method to avoid corona on wiring is to use sleeving buildup of the
insulation, preferably nsing materials with a low diclectric constant.,

5.4.  PLANS
+  Continue study of corona inception voltawe effects using
sulid barrier insulation with various clectrode shapes in

three different gases.

«  Studyv corona formation associated with foil clectrode and
solder joint geometry.




6. WORK UNIT II.C.1 ENGINEERING ANALYSIS

i A -
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6.1,  BACKCROUXND

The use of mathemat ical models for the prediction of performance of
transducers and transducer components should be utilized. Many work units
of STRIP aim at improving components such as ceramics, fluids, rubbers,
ete.  The effects of such improvements on transducers' performances need
explicit evaluation. The initial approach will be to investigate the
effect of the variation in ceramic properties on transducer performance
using the AC program and known product ion data on the ceramic.  lLater
efforts will be to evaluate changes in other materials on transducer
performance to determine the impact of "tight" vs "loose" specifications.

6.2. OBJECTIVES

The objective of this work unit is to develop and utilize mathe-~
matical models to predict transducer behavior, to make quantitative
comparisons between predictions and evaluation results, to understand and
resolve unexpected results, to provide gnidance to R&D in materials,
components, and noise, to provide contingency capability for future problem
areas, and to provide engineering documentation interfacing the transducer
procurements and systems applications with the R&D efforts.

6.3. PROGRESS

Although the phvsical principles of energy conversion of flect
transducers are relatively simple the do contain several complex mechanical
components which make the prediction of their acoustic performance guite
difficult. A successful approach, long in use among transducer designers,
is to construct a mathematical model based on the use of idealized electrical
and mechanical components. Realism is introduced by assigning to these
components parame¢ ters whose numerical values are obtained by direct
measurement on the prototyvpe components themselves.  The resultant mathe-
matical model is translated into a computer program which then becomes
available for predicting the cffects of new design modifications or the
effects ol component failure. In essence, the computer model allows
complex experiments to be conducted (on a transducer) in the laboratorv
without the presence of the physical object itself.

Of particular importance in this report is the proposal to explore
chanpes in sonar transducer performance duce to random variations in
component propertiecs, brought about cither bv relaxation of procurement
specifications on an alrcady existing component or by use of a new type
replacement component whose manufacture is subject to small, uncontrollable
variations.

The numerical experiment is of the Monte Carlo tvpe. 1t comprises yirst,
a determination of the probability distribution of the random variitions
in sclected phvsical (or chemical) properties of the component.  This
distribution provides, in ¢ffect, a storchouse of random numbers from
which an arbitrary sclection can be made upon demand.  The Monte Carlo

™
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itselt is a compilation or hundreds (or thousands) of performance pre-

dictions calealated successively by random number input made available from
the random number storehouasce,

Fach component ot o specitic Navy transducer can thus be subjected to
laboratory experimentat fon whenever its major properties are altered in anv
wav. A chiet reason for alteration is the overriding need to improve its
reliabilitve  Thus o quantitat ive measure ot the balance between
reliability and performance is obtained.  This approach will first be
applicd to the JR-155% tvpe transducer.

nder Navy contract NOOO2A-71-C-1290, project serial number S2239)
task 1571, the Cenceral Flectrie Co. Heave Military Flectronie Svatems,
Svracase, NY, prepared a "User's Mannual fo the Pransducer Analvsis
Computer (TACY Program' for the Naval Ship Sostems Command (PMS0387),
Washington, DC 0360, This manual was published in Mareh 19720 In the TAC
program the IR-155 is modeled as o lonpitudinal vibrator inside a mount ing
can, considered as an cquivalent six-torminal (three-port) circuit, made up
of a mechanical branch with two input and two output terminals, and a two-
terminal (one-port) clectrical branch coupled te the mechanical branch
through an clectromechanical transformer. 'he six-terminal cirecuit is
decomposed into "black-bhoxes" connected to cach other in series/parallel,
with input-output terminals separately identified. 1t is shown in Fip. 1
of the user's manual. 1o the 3l-transducer there is a simple large piciro-
ceramic driver in the form of a hollow evliinder, 12.7-cm long, 10.2-cm diam,
and 0.95~=cn thick electroded on in the inner and outer surfaces.  In the
Ji-transducer there are several hollow piczoceramic eviinders, clectroded on
the ends and cemented in echelon,

The method of analveing the dyvnamic response of the [R=-155 emploved in
the user's manual consists in treating cach component "black=box" as havios
a mechanical dnput By, vy (L= lefe) and o mechanical output Py, Vg (R= riche),
and relating forces and velocities by use of impedance parameters.  The
mat hemat ical model takes the form of a4 matrix 'v'(;_uzlt ion, When, in addition,
the component "black-box" has a one-connect ion clectrical svstem as an input
source, the parameters ¥, [ are included in the matrix cquation. Thus, in
terms of Impedance paramceters '”ii the general matrix relation which couples

clectrical to mechanical parameters becomes

r o i \r

1. “rE12 1
: = |7 7 - y SRR
’R 21 A 21 \R (t.1

K fy P S| VT

Fauation (6.1) haz been selected by TAC to be the madel of the piceoceramiv
cvlinder and with Fl1 zero, also serves to model the component s

* an elastic rod < g parallel mechanal impedance

< an clantic cone s parallel mechanical admittance

Y/




In essence TAC has been constructed in o direct, simple way in order
to permit pertormance predictions to be made with minimum, but necessary,
input. It accomplishes this by use of a vroup ot casily accessible sub-
rout ines. A list of the most useful of these is presented below for
ready reference:

PERFORMANCE PARAMETER

SUBROUTINE CALL NAME _CALCULATED BY THE SUBROUTINE _
LSW(12) = .TRUE Electrical Admittance/Impedance
LSW(l3) = .TRUE Free-Field Radiation loading
LSW(l4) = .TRUE Resonant Frequency
LSW(15) = .TRUE Ant i-Resonant Frequency
LSW(l6) = .TRUE Transmit and Receive Response
LSW(17) = .TRUE Array Performance

These subroutines will be selected in subsequent reports to carry out a
statistical evaluation by Monte Carlo methods of the effects of random
variations in ceramic properties on electroacoustic performance of the
TR-155.

Jreprerso: Highlights of the TAC program have been briefly reviewed.
More detailed analvsces will be forthcoming in a second report.  To use TAC
one requirvs a number of inputs. However, it is emphasized that realistic
inputs must come from measurements on prototype construction. This is
discussed next.

The input to the TAC program consists of fixing the numerical values
of manv input paramcters in the manner outlined in the user's manual. The
precedure for making inputs is sufficiently complicated te warrant an
extended review.  However, to remain brief, the parameters are coupling
coefficient, figure of mer r, mechanical compliance, blocked capacity,
electrical and mechanical loss factors, turns ratio, and mechanical 0.

In practice, the properties of the piczoceramics as measured by the
transducer manufacturer are not directly insertable into the T, A
conversion routine is used to transfer companyv-supplied data to the computer
program itself.

TAC Application

The 31-mode pierzoceramic cylinder that serves as a forec/velocity
generator in the TR-155 is shown in Fig. 6.1. In recent vears the supplier
has been obliged to furnish data cards for some 107 of a given procurement
listing these properties:

« the stress—=free electrical capacity (farads)

+ the electrical tan &

+ the mechanical resonant frequency (kilohertz)

« the mechanical anti-resonant frequency (kiloherta)

T
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6.4.

PLANS

Recognizing that the 175 point data base on ceramic propertics
falls somewhat short for a statistical analvsis we shall seck
to obtain at least 2000 data points.

Once 2000 additional data points are obtained we will repeat
the construction of histograms and their corresnonding
distributions by methods detailed above in this report.

When all random parameters and their corresponding TAC inputs
are in hand we plan to run a Monte Carlo experiment to determine
the statistics of performance variation due to the random
variations in ceramic propertiecs as furnished by industrial

suppliers.

An interim report will then be issued.
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7. WORK UNIT [V.B.1 SQS-56 Transducer Product Fabrication Specification

7.1. BACKGROUXND

In the past the Navy has procured replacement conar transducers using
performance specifications which allow the snecesral bidder to radically
change the transducer hardware desion cven in thooe cancs where a very
successful transducer had atready bheen prodneed. Phis has often lTed to
costly and time-consuming deficiencics and problem: in the resulting hard-
warc. The question has been asked "Why are sonar transdacers difterent
from other hardware; that is, why must we allow these changes once we have
successfully produced a given sonar transducer?"

At present, the state-of-the-art is such that a stand-alone build-to-
print specification is not likelv to be surcessful, primarily becausc
transducer performance is critically sensitive to electromechanical pro-
perties of the ceramic and current manufacturing techniques cannot
economically ensure adequate consistency of these propertics.  Fortunatelw,
it is possible to solve the problem being addresced withour total adherence
to the idealized woal.  This is accomplished by relaxing the "build-to-
print'" requirement.. on certain compenents and processes in the transduccr
to allow for adjustments to compensate for ceramic variations.  The prohlem
is how to provide those desipgn adjustment schemes in such a way that the
contractor can reasonably be held responsible for unit performance while
producing practical replicas of tle proven transducer ¢lements.

7.2. OBJECTIVES

The objectives of this task are to theoretically characterize and
experimentally validate design adjustment schemes (DAS's) for possible
inclusion in future S$0S-5%6 Transducer Production Fabrication Specifications,
which will produce practical near replica transducers on a production line
basis. A secondary objective is to develop DAS data of more general
applicability.

7.3. PROGRESS

An iterati. approach is being applied to accomplish this task.
Available theoretical models, experimental techniques, and minimum modifica-
tions of hardware are being utilized in th first iteration to produce
results as fast as possible, and to determine where improvement:s are
required.  An effort is being made to have a wood bhalance hetween theory
and experiment. However, experiments of snfficicut scope to provide
statistically satisfving data are bevond the resources of this task.
Therefore, vary ef fort must bhe made to supplement the experimental
evidence with data from production contracts,

At the initiation of the DAY nercin desceribed, a competitive
buy of longitudinal vibrator transducer clements was anticipated for hl\v
S08-56 sonar application,  The critical item prodaction specitication
represents o first eotort to constrain the snccessful hidder to produce o
"near replica'™ ot a poveroment celected and veriticd tranaducer element
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Due to time and money constraints in the orivinal sovernment desipn
effort (resulting in the reference element), a theorctical radiation medel
for the arrav was not fully achiceved.  Therefore, one task in the {irst
iteration has been to determine the problems for the array model,
them, ind to begin adapting the resulting array model as required tor the
present task.  The Tack of an adequate arraw moedel i the orisinal desion

correct

effort” required that simplifving assumpt lon and constraints be placed on
the class of permissible designs.  This resuflted in extensive reliance for
desipn purposcs on a single element in o rigid battle prodict fve model.
Much use has been made of the single-clement model i the tirst iteration.
[t is believed that DAS treads deduced from single-clement model proedic-
tions will boe of great value to the task {n their own richit, a< well s
economical starting points for investigations involving the arrav model aw
it becomes available.  In particular, all o1 the DAS observations reportdd
herein are based on a model for a single celement.  the single-celement mode)
consists of a scparat. plane wave model for ail of he components indicated
in the primary assembly except for the radiating head.  Thus far in a4 .iven
transducer all ceramic rings have been assumed to bhe identical.  Since it
is known that the radiating head has significant flexing, this component
was modeled using finite ¢lement theory with o corresponding acoust ic
radiat ion theorv based on the half space Green's function.

Progress Based on Single-Element Model

In the original design efyort resultivg in the reference element
the computer program was instructed to select the ceramic lengths tao
achieve the required Fp on the PSA, to select a parallel inductor (one
component of the cquivalent circuit for the autotransformer indicated n
Fig. 7.2) which gives an in~water phase angle of 07 at 8 kv, and to select
the autotransformer turns ratio such as to make the minimum impedance in
the transmit band cqual to 160 ohms (changed te 195 olms in the present
analyses).  The DAS's considered thus far are btasicallv variations on these
design criteria.

v . Ve -
/

The component labeled "switching matrix' in Vio. 2
i N

.2 opresents a short
circuit in transmit but an open circuit in reccive.  Thas the autotrans-
former is not operative in the receive mode <o that neither the tarns ratio

nor the inductance is availtable as part of 1 DAS tor recoive.

In order to procecd with the first=iteration anale ses, it was
necessary to establish, at least on a preliminare basin, the ranpe of P-4
ceramic variations (i.oo, the complex syy, wyy, and polarization parameter).
From discussions with ceramic manufacturers it became apparent that
although it was possible to obtain estimates of the extreme variations, no
informat ion was available as to the distribations. Morcover, there did not
appear to he available any quantitative information on the correlation o
parameter variations, A Piterature search revealed anoarticbe ber
Bertincout  that examines the variat ions ot the coeramic parametor s
functions ot the thorousiness of poling.  That work howed that o polinge
wis varied, ""{:g ained "y varicd in constant proportion, while g var ied
inversely with respect to the other two parancters,  Por the firat-iterat ion
analysic, the assumpt ion that variations in the propertic . correspond to
poling variations has been adopted. A paximam variation ot 7057 on cadch




parameter has been waed. Fhii o vadue tor the maxiaoam variation has been
adopted somewhat arbitrarity based on some measured data and the informa-
tion provided by ceramic manutacturers.

(* e e e
| -
[ I
‘ [
! T |
|
|
I . |
CORNECTON | THANSDUCES oo + :
Coe e Tt ! |
l AUTOTRARS Lz ) I | SN SR | i |
’ | | | |
e 1 7 7 i | e
| ! | N ‘
| N —
, | ! e o
i AR IR B
_ I [ f - . | | i
VOl - ! I !
S R R S S R e S
1
L b o Pt
M ACK , | f | t
I P !
—— e i ! —_— §
CONNLCTOR AV TH POLLITIVE (VitiTE) SRR R P | - J
AND NEGATIVE (01 ACK] wilcng b |
CLEANLY MARKED IAATHIX S - S -
CERAMIC ASSEMBLY
l [ T 1 S ——
Fiv. 7.0 ~ Tepical trancducer olement sebemat i

Instead of considerine onl. the tongerh of the clesoclectrie ceramic
rinegs to adjust the PSA tor variations in coramic paramcters, three
difrerent component s of the PS5V were coasidered independentiv as adiust-
ments: coramic rine lencths, head tiberetba o o wacher sty and tail fiber-
gelace washer lenyeth, For the riamvee of ceramic parancter variat fons
considered, it turns ont that adinstment s a<inge an o one ot the three com-
ponent s considered (coramic rine lenwts, Lead tiberele ows ber lencet s, or
tail fiberplass washer teneth) result in prouchly the ave single olement
performance.  Some of the fmportant ditterence. are diccnssed below in
conjunction with discussions of Fips. 7.3 hroush 7.6,

In the amalvases that have been pertormed, the computer has heen
procrammed to produce a plot that shows, s o tinetion ot trequency, each
ot the pertormance factors to be considered.  ITnocach ot the computed

cxamples shown (Figse 7.3 throagh 7.6) seven curves are shown.  Fach curve
corre sponds Lo parameters that have been varicd (both the real and
imaginary parts) from those determined Tor the retercnce element by
percentases shown in Table 70100 Also shown are the svmbols used to
identify the corresponding earve,  Table 7.0 Vists the plots that arc
produced in et canes With reference to Pabhle 7000 Fip. 7.0 shows




examples ot plot 1y Pip. 7.4 shows examples of plot 27 Fie. 7.5 shows
examples of plot 3y and Fig. 7.0 shows examples of plot 4, In cach {ivure
the first three parts (for example, Fig. 7.3a, Fiy. 7.3b, and Fig. 7.3%)
represent the case where the head tiberglass washer is used to adjust the
PSA, while the fourth part (Fig. 7.3d) the piczociectric ceramic lenpth
adjustment is represented. The head {iborplass washer case was chosen
because it wvave one af the best results on the recceive response (Fig. 7.0¢)
and otherwise illustrates the general trends.  The ceramic stack length
case is presented for comparison to illustrate differences amony the cases.

As mentioned previously, the current product specification for the
SQ8-56 clement calls for constraining Py as a basis for the DAS.  Using Fn
as a desipn constraint (implemented by one or the other of the lensth adjust-
ment s discussed above) results in certain performance factors (such as input
impedance magnitudel) being almost identical (in the frequency band of
interest) for the range of ceramic parameters considered, whereas ceortain
others (such as input impedance phase anele) are deviat ing.

In an attempt to bring the remaining performance factors more inte
agreement, the use of Fooas a design constraint was tried, Fip is detined
as the frequency where the in-airv admittance of the PSA is a relative
minimum. The F used is that ot the reference element (8,70 kHz). o was
found that use of Iy generally reverses the quantities which give awrcement
and which deviate.  For example, using Fp» the impedance phase angles aro
almost overla,s in the transmit band of interest whercas the impedance
magnitudes varv., Comparison of Figs. 7,30 and 7.3¢c with Figs. 7.%a and 7.4%¢
shows that matching Fy produced the best match of impedance magnitude in the
transmit bands (indicated by - ») while matching F, produced the best matceh
of impedance phase angle.  Such trends occurred in yeneral and this
suggested the use of Fa as the constraint, should one desire the best
compromise DAS. The Fuy constraint was used for Fies. 7.3b and 7.4b.  There-
fore, the average frequency between Fyoand Foo (Fay = (Fy 4+ F /2 has been
adopted as a third trial design constraint for the first-iteration analvses.

It is noteworthy that the SQS8-56 svstem is more sensitive to input
impedance phase angle than fmpedance mapnitude duc to the characterist ics
of the tranmit power amplifiers.  Thus, at least tor input impedance
considerations, the ) match mipht be preferred over the Fy mateh as a DAS
for the SQS-56 svstem.

Fipure 7.6 indicates that matehin. P onives the best DAS for tranamit
voltage response.  In fact, for the rance of ceramic parameter variat ions
considered (and the scale plotted) no dittferences are observable.  on the
other fnmd, none of the DAS'S show drastic variations in transmit voltosc
response,

Recall (Fivo 7.0 that in receive, the amtotranstormer ie dia-
conncected from the cirenit, and the receive band i trom 4 oto 10 ki, T hee
the onle adjustments considered thas tar in the receive mode are 1o the THA,
The Tease deviation in open-cirenit pecerve recponae (the preamps have
very hivh impedance) oboerved thus tar illastrated in Pies 700 (matohing

Fip beoadjusting the head fiberplass washer), fhe Larvest deviat ions over
the frequence band are illastrated din vies 7 o5d tmatehing Yy by oadiine tang

coramic lengtho,
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fable 7.1 - Sets= of parameter Variations
used in first-iteration analvsis

CPLOT '
'>;'(‘:‘1 K S S5 SYMBOL,
oo 7.0 () 7.5 () 7.5 () X
Lo 5.0 5.0 -5.0 +
! 2.0 205 -2.5
oy 9 0 0 0 (56 MOD G2M)
Co0 -0 =20 2.5
3 -5,0 -5, 0 5.0
b7 -7.5 -7.5 7.5 X
Table 2 = List of plots produced
for cach case analveed
‘ PLOYT DESCRIPTTON '
o Input impedance magnitude vs frequency i
} 2 Input impedance phase vs frequency :
! } Open~-circuit receive response vs frequency ‘
: 4 Transmit voltage response vs frequency ’
©h Transmit current response vs frequency '
b Source level per 1ield vs frequency t
T Ceramic in-air admittance vs jcequency
: 8 foral in-air admittance vs trequency '
con Tail/head velocity magnitude vs frequency !
1 10 Fail/head velocity phase ves {requencey I
vl Magnitude ZECTL vs frequency '
12 Maonitude Z1C1 vs frequency ’
b3 Rat io of head volume velocit: modes (w) vs frequency
; 14 Source level per volt across ceramic vs frequency :




Planned Validat ion Experiments

In weneral, experiments are planned to verifyv some of the conelu-
sions reached in the sinple-clement theoret icatl studv.  However, the hard-
ware is also suitable for extensions plarned in the future such as
consideration of ring selection procedures,

Experiments have been desipned to obtain piezoclectric ceramic
parameters via the dumbbell method? for one, two, three, and four rings
where each ring is measured independently and then the various combinat ton..
of rings (two's, three's, four's) are obtained. In cach case, whether it
be a single ring or more, the dumbbell masses are solected se that the
frequency Iy Is c¢lose to that specified for the PSA.  The cuperiments oi)!
be conducted without cement joints.

Parts are available for two complete low-Yicld clements.  Thes
components will be modified so that external transformers and inductors
may be used for flexibility and so that different ceramic stacvs, fiber-
glass washers, as well as rubber-covered bead assemblics mav Do
considered.  This effort has been initiated.

Array Modeling

A computerized model is currently being developed to investisate
transducer element behavior within the SO0S-56 arrav. 1o treat radiatioa
interactions between transducers in full generality, the arrav model
includes a dyvnamic representation of the transducer head using normal
modes. Both svmmetric (full cight-fold symmetry of the square head) and
asymmetric modes are accounted for. Only the syvmmetric modes are assuncd
to be driven by the transducer element; asvmmetric modes are included as
possible scatterers of the radiated field. Inter-modal, inter-clement
radiation interactions are computed from the Green's function for an
infinite rigid baffle. In its current form, the model allows a resular,
retangular arrav on a plane baffle. Modification to a cvlindrical batfle,
providing a closer approximation to the $NS-56 arrav, will be accomplished
by substituting the appropriate Creen's function.

The arrayv model, including flexing heads, interfaces with transducer
element models at the stress-rod and ceramic stack annulus. To be
consistent with the SEADUCER plane-wave clement models, the interface
conditions are equality of average velocities and average stresses over the
ceramic and stress-rod areas. Element models for various positions within
the array need not be identical, thus permitting investigation of arrayv
performance with random perturbations in the clement construction or
ceramic properties. To exercise the model, a rectangular array is defined
by number of elements and eclement se .arations along cach axis. For esch
element position, a transducer model is created by SEADUCER and reduced to
a three-port matrix. Port variables arce forces on the stress rod and
ceramic stack and cither voltage or current at the electrical terminals,
depending on drive conditions. (For the S0S-56 arrav, tinkage of the
eight elements in a stave to a common drive amplifier will be included
in the model at a later time). Applied voltapges (currents) corresponding
to an intended steering are used as forces on o matrix problem to

A




determine currents (voltages) and stress rod and staek velocities on cach
clement . These can be used either outward, to calculate array source
tevel, receive response level, and beam patterns; or inward to develop
detailed analyvses of velocities, forces, stresses, strains and electric
flelds within individual arrav elements using SEADUCER.

7. 4 . PLANS

Plans tor the FYS2 sccond quarter include the following:
¢ Add phase transter graphic outputs for transmit and
receive response to augment the existing amplitude plots.

+ Bepin econsideration of ring selection procedures in DAS's.

* Give increased attention to the receive mode in developing
DAS's.  Far cexample, consider dependent adjustments of
coeramic teneth and head or tail fiberpglass washer length.

Add transmit and receive response and beam pattern outputs
to the arrav predictive capability.

« Obtain more definitive S05-56 system constratings and
requirements on array performance (receive and transmit).

* Bewmin exercising arrav predictive model.

+ Assess the feasibility of adding a predictive capability
for the elastomer on the flexing head,

* Assess feasibility of developing and using a modular
power amplifier predictive model.

« Continue in-house experimental hardware development and
begin experiments.

*+ Plan candidate cooperative effort to obtain DAS data as
part of the next S0S-56 transducer procurement.

One end product will be a sample specification incorporating a well-
understood and carcefully controlled DAS.  This DAS will be such that a
product ion contractor can still be held responsiblie for the sinule-clement
performance even though most of the components are specified as
"build-to-print."
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ATTN: P.B. Watson

Raytheon Co.
Submarine Signal Division
P.0. Box 360
Portsmouth, RI 02871
ATTN: N. Serotta, Kz Transducer
Program Mgr
D. Ricketts, Consultant,
Design Engr laboratory
M. Relyea, Mgr, Transducer
Dept

Sperry Rand Corporation
Sperry Gyroscope Division
Marcus Avenue

Great Neck, NY 11020
ATTN: M/S D-18, G. Rand

Texas Research Institute, Inc.
5902 West Bee Caves Road

Auston, TX 78746

ATTN: Dr. J.S. Thornton (2 cys)

TRACOR, TInc.
Svstems Technology Division
1601 Research Blvd
Rockville, MD 20850
ATTN: P.D. Flannery

J. Guarnieri

J.W. McClung

D. Abraham

TRACOR, 1Inc.

19 Thames Strect
Groton, CT 06340
ATTN: G.M. Ross
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TRW, Inc.

On¢ Space Park

Redondo Beach, CA 90278

ATTN: A. Samsonov, Head Fngr
Applications Section

TRW, Inc.

7600 Colshire Drive
McLean, VA 22102
ATTN: J. Mahler

Underwater Systems Acoustics
2627 Burgener Blvd

San Diego, CA 92210

ATTN: Dr. C.E. Martin

West inghouse Electric Corporation
P.0. Box 1488

Annapolis, MD 21404

ATTN: M/S 9R40, C.R. Wilson

W.L. Hufferd & Associates
Consulting Enginecrs

2826 Devercaux Way

Salt Lake City, UT 84109

Wyle Labs

P.0. Box 1008
Huntsville, AL 35807
ATTN: D. Moore

Georgia Institute of Tecinology

Electromagnetic Capability Division

Electronics & Computer Systems
Atlanta, GA 30332
ATTN:  Dr. H.W. Denny

University of Washington
Applied Physics Laboratory
1013 NE 40th

Seattle, WA 98105

ATTN: Dr. C..J. Sandwith

Applied Research Laboratory
University of Texas at Austin
P.0. Box 8029

Austin, TX 78712

ATTN: Dr. D. Baker

Director of Naval Weapons Desipn
Department of Defense (Navy)
Campbell Park 1 (Room 6-18)
Canberra, A.C.T. 2600 Australia
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Mulloka Project Director - XNavy
Department of Defense (havv)
Campbell Park 2 (Room 1-24)
Canberra, A.C.T. 2600 Austral ia
ATTN:  CDR P. Hart

Director of Fleet Maintenance (W)

Department of Defense (Navy)
Campbell Park I (Room 3-11)
Canberra, A.C.T. 2600 Australia

Admiralty Marine Technology
Establ ishment

Holton Heath

Poole, Dorsett, England

ATTN: Mr. B.H. Nicholls

AL/USE-AEL

Building 26

T.S.A.S.

befense Research Centre
Salisbury, S.A, 5108 Australia

EMI (Australia) PTY Ltd
P.O. Box 161

Elizabeth, S.A. Australia
ATTN: 1. Nankivell

Materials Research laboratory
P.0. Box 50

Ascot Vale, Victoria, Australia
ATTN:  Dr. D. 0ldfield

Plessey Companv Ltd

Plessey Marine Research Unit
Templecombe, Somerset, England
ATTN: W. Craster

Plessey (Australia) P1Y Ltd
Faraday Park Road

Meadowbank, N.S.W. 2114 Austral
ATTN: G, Tulloch

befense Equipment Center
British Defense Statf

Aritish Fmbassy

Washington, DhC 20008

ATTIN:  Derck Palmer, Materials

DB Instrumentat ion, Ltd

111 Victoria Road

Aldershot, Hant s, Enggland

ATTN: LW, Lipscombe, Dircector

ia

M ficer




o oIl

Robert Gordon's Institute of Technology
School of Physics

Aberdeen ABQ TFR

Scotland

ATTN: Dr. R. Hill
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